The superconducting state in the quasi-two-dimensional and strongly correlated Sr 2 RuO 4 is uniquely held up as a solid state analog to superfluid 3 He-A, with an odd-parity order parameter that also breaks time reversal symmetry, and for which the vector order parameter has the same direction in spin space for all electron momenta. The recent discovery that uniaxial pressure causes a steep rise and maximum in transition temperature (T c ) in strained samples motivated the study of 17 O nuclear magnetic resonance (NMR) that we describe in this article. A reduction of Knight shifts K was observed for all strain values and temperatures T < T c , consistent with a drop in spin polarization in the superconducting state. In * These authors contributed equally to this work.
with progressively improved sensitivity [11] [12] [13] . Furthermore, recent thermal conductivity measurements are most naturally explained by a d-wave order parameter with vertical line nodes 14 . Adding to the confusion, recent specific heat experiments were interpreted as evidence for a horizontal line node at k z = 0 , which is incompatible with an in-plane p-wave order parameter 15 .
Recently, it has been shown that uniaxial pressure provides a new means of investigating the mysteries of the superconducting state of Sr 2 RuO 4 . In mean-field theory, a chiral p-wave superconductor exhibits a split transition in the presence of in-plane uniaxial strain with an accompanying cusp in T c in the limit of zero strain. However, strained samples of Sr 2 RuO 4 do not exhibit a split transition or a cusp; instead, there is a dramatic increase in T c from 1.5 K to 3.5 K, with the maximum reached at compressive strain ε aa estimated at -0.5% (≡ ε v ) 16 . The observation was interpreted as a consequence of the Fermi energy E F of one of the three partially filled bands (the quasi-2D γ band) meeting the Brillouin Zone boundary. Tuning through this van Hove singularity (vHs) is associated with a weak divergence (logarithmic for a strictly 2D system) in the density of states (DOS) at E F , followed by a Lifshitz transition. These observations strongly motivated a study of 17 O nuclear magnetic resonance (NMR) in uniaxially pressured samples; indeed, evidence for the DOS maximum came from normal state ø NMR experiments 17 , which also demonstrated an enhanced Stoner factor S accompanying the DOS peak, and suggested close proximity to a quantum phase transition to a ferromagnetic state. The results have bearing on the chiral p-wave state hypothesis: on the one hand, an odd-parity order parameter vanishes at the location of the vHs, thereby reducing the impact of the DOS enhancement; on the other hand, the enhanced Stoner factor and ferromagnetic fluctuations could strengthen the pairing instability.
3
The focus of this paper is ø NMR Knight shift studies on uniaxially pressured Sr 2 RuO 4 , comparing the shifts seen in the normal and superconducting states. The experiments were carried out in a variable-strain device 18 , and cover the full range of T c from 1.5 K to 3.5 K. ø NMR spectroscopy is directly sensitive to the spin polarization M s ; the expectation for an s-wave (singlet) superconductor is a reduction in the (spin) paramagnetic shift, which would vanish in the limit T /T c → 0 and B/B c2 → 0, whereas for the widely proposed equal-spin-paired E u state ( Since magnetic fields lead to quasiparticle spin polarization, the ideal experiment has the applied field B 0 ≪ B c2 . Nuclear spin polarization, on the other hand, favors the largest field possible.
For guidance in making this compromise in the choice of experimental parameters, B c2 (ε aa ) was first determined from the field-dependent RF power reflected from the tuned/matched tank circuit (see Supplementary Information), the results are shown in Fig. 1 . B c2 is maximized at ε v , coincident with T max c
, at a value (4.3±0.05 T) that is within a few per cent of that (4.5 T) reported in Ref. 16 . The reduction could be a result of a small misalignment from the in-plane condition, O(1 • ) 20 .
The minimum value is B c2 (ε aa ) = 1.32 ± 0.05T, identified by extending the measurements to tensile strains ε aa > 0. The upper inset shows that for much of the range studied, B c2 ∼ T c , except for very close to the vHs, where B c2 increases more sharply relative to T c .
The temperature dependence of the ø central transition frequencies for the three sites were measured at ε aa = ε v , where B c2 is largest. The RF carrier frequency is f 0 = 11.54 MHz, and the applied magnetic field B 0 = 1.9980 T. Results are shown in Fig. 2 , in which pronounced changes in shift for all three sites are clearly observed upon decreasing the temperature through T c (B 0 ).
Marked also are the estimated frequencies corresponding to zero shift for each site. Since the orbital shifts are relatively small, the (3) different "unshifted" references are attributed to quadrupolar effects on the central transition 17 .
Since the normal state Knight shifts K 1b < 0, K 1 ′ b > 0, the changes for T < T c in The observed drop of M s upon entering the superconducting state under strained conditions invites a comparison to the known results at zero strain, for which the lack of reported decrease is a cornerstone of the case for a chiral p-wave order parameter. Therefore, we carried out measurements covering the entire range of strain conditions, ε aa = [0, ε v ]. In doing so, the results were found to depend on NMR pulsing details. With this important observation in mind, a reexamination of the shifts for ε aa = 0 is presented first.
In Fig. 3 we present the spectra with no applied stress, collected following various pulse excitations. The applied field is B 0 = 0.7107 T, referenced to the 3 He nuclear resonance condition for RF carrier frequency f 0 = 4.137 MHz, and similar to the 0.65 T field used in Ref. to the normal state at T = 1.8 K, collected using a standard two-pulse echo pulse sequence, It is tempting to assign the evolution, K vs. E, to "instantaneous" sample heating, such that the spectra are recorded while T > T c (B 0 ). Indeed, eddy currents resulting from the high amplitude RF pulses provide a mechanism for absorption. Moreover, the heat capacity vanishes continuously in the limit T → 0, so the relative temperature increase following a pulse at base temperature 1 K is many times greater than at, for example, 2K. Note that a check of the nuclear spin-lattice relaxation time T 1 is usually insensitive to such an effect, since the time scales for T 1 and electronic thermal relaxation are so different, T 1 >> τ th . Therefore, in principle, it is possible that the spectra recorded following high energy pulses correspond to those of the normal state, while T 1 results would correspond to the superconducting state. For insight into the thermal conditions imposed by the RF pulses, time-synchronous measurements of the tank circuit reflected power were carried out. A summary of the conditions is as follows: an RF pulse (or sequence), as used for the NMR excitation, "pumps" the system. It is followed by a low-power RF probe, and the reflection is phase-sensitively detected using the NMR receiver. In this way we study the temporal changes to the reflected power, which depends on the sample response to the RF. Note that this is equivalent to an ac susceptibility measurement, and relates to RF shielding. Comparisons to the normal state are possible by measuring also the field dependence, including B 0 > B c2 , or by warming to T > T c (B 0 = 0). Measurements were made at base temperature T M C = 50 mK.
Our results for in-phase (IP) and quadrature (Q) components of the reflected power are shown in Fig. 4 , where the applied pulse energies cover the range used for the NMR measurements. Note that the overall phase is arbitrary; otherwise the measurement is an RF equivalent to an ac susceptibility measurement, and therefore sensitive to screening currents in the sample. For sufficiently high energy pulses, the recovery to a steady state takes place via a two-step process. Aided by comparing to similar measurements carried out in varying fields (see SI), our interpretation is that the sample under study is initially responding as though it is in the normal state. This lasts for a with no discernible jump in M s . Since one route to a symmetry change is via a first order phase transition, these results, when combined with the smooth variations of B c2 (Fig. 1 ) and the previously measured T c 16 , suggest this possibility unlikely.
Discussion
The key experimental finding that we report in this paper is our deduction that, at all applied uniaxial pressures, the spin susceptibility deduced from our Knight shift measurements is substantially suppressed at 20 mK from the normal state value. For unstrained samples, this conclusion differs from that previously drawn in the literature, and is therefore completely inconsistent with the d =ẑ(k x ± ik y ) order parameter, or indeed any odd-parity state with an out-of-plane d.
Since such order parameters have been widely postulated to be the ones relevant to Sr 2 RuO 4 for over twenty years, we believe that this represents a major advance in our understanding of this exemplar of unconventional superconductivity.
It is also important to note that although we can rule out specific odd-parity order parameters of the type described above, we cannot rule out all odd-parity states on the basis of our NMR data alone, because the uncertainty in estimating the quasiparticle background signal at B 0 /B c2 ∼ 0.5 means that we cannot definitively distinguish odd-parity order parameters with in-plane d-vectors (such as the A 1,2u and B 1,2u states in Table 1 ) from even parity states at all measured strains. By reducing the measurement field to 0.7107 T, we obtain a drop of 75% in the Knight shift at ε aa = ε v , applied at time τ = 0, followed by a low-power time-resolved cw measurement of the NMR tank circuit phase-sensitive reflected power, which is an RF equivalent to a complex ac susceptibility measurement. The data are presented as δρ T vs. E, with δρ T the changes to the reflection coefficient, and E the energy of the pulse. Both in-phase (IP) and quadrature (Q) parts of δρ T are strongly impacted, at short times τ , for larger energies E. No similar time-dependence is observed when the sample is initially in the normal state.
Methods
Experimental. High-quality single crystalline Sr 2 RuO 4 used for these measurements was grown by the floating-zone method as described elsewhere 5 NMR shift correction due to quadrupolar splitting. The NMR Knight shift, K, is generically defined as the percentage of the shift of resonance frequency with respect to a reference frequency
However, an additional field-dependent correction is necessary for nuclei with I >1/2, due to quadrupolar coupling to the electric field gradient. On a relative scale, the angle-dependent correction to the central transition is more important in weaker fields.
It was numerically evaluated by diagonalizing the nuclear spin Hamitonian
where
characterizes the Zeeman effect, and
is the quadrupolar term. Here h is Planck's constant,Î=(Î x ,Î y ,Î z ) is nuclear spin operator, Q is nuclear quadrupole moment, and η=(V xx −V yy )/V zz is the asymmetry parameter with V xx , V yy and V zz being the components of the electric-field gradient (EFG) tensor.
For our magnetic field values used in this work, the calculated corrections for different 17 O sites are listed as following (in unit of kHz): 
Orbitals and apparatus
The geometry of the experiment is shown in Fig. S1 . density of states 16, 17 . In Fig. S1c we show the sample mounted in the strain cell where ǫ aa a and B 0 b. The NMR coil was wrapped around the free part of the crystal, thus covering only the non-glued area that is subject to uniaxial stress. More information on strain-dependent NMR experiments on Sr 2 RuO 4 can be found in Ref. 17 .
Upper critical field measurements and estimation of strain gradients
As summarized in Fig. 1 , the upper critical field B c2 was determined at base temperature T M C = 20 mK by measuring the field dependence of the power reflected from the NMR tank circuit. More specifically, the frequency is set close to the tune/match condition. Variations in the reflection coefficient δρ T relate to changes in the complex load impedance. Consequently, the measurement is equivalent to an ac susceptibility experiment, and is sensitive to screening current changes that occur, for example, when the system is driven from the superconducting to the normal state by the magnetic field. B c2 is taken as the steepest slope at the transition midpoint, i.e., the maximum of d(δρ T )/dB, as plotted in Fig. S2a,b for the respective strain potential bias, U P iezo . The 'onset' and 'lower end' values were defined as the kinks in the derivative d(δρ T )/dB above and below B c2 , respectively. The superconducting transition exhibits considerable broadening with increasing compressive strain ε aa . To model the apparently smeared transition, we assumed a Gaussian distribution of strains, and used the resulting distribution in B c2 to generate the solid magenta curves in Fig. S2 . The curves shown correspond to strain variations of 10% of the normalized value, ε aa /ε v .
The approach provided a self-consistent method for estimating the relative importance of strain distributions, and suitably describes our observations. 
Assessing the Zero-Strain Position
The "zero-strain" condition attributed to the spectra shown in Fig. 3 was determined by taking the minimum in B c2 as a proxy. Note that since there is differential thermal contraction between strain device and sample, the strain-free condition needed to be assessed in situ. The determination was carried out in two steps. First, for a range of discrete values of piezo bias U piezo ranging to positive
and negative values about 0 V, B c2 (U piezo ) was determined using field sweeps and recording the 26 reflected power, just as for the measurements described in Fig. 1, and Fig. S2 . Example sweeps are shown in Fig. S3a,b , from which the minimum was found to be near U piezo = 0 V. A more accurate determination was made by first setting the initial field to B c2 (U piezo = 0 V. That is, the conditions were set to the transition midpoint shown in Fig. S3c . Then, changes in reflected power were recorded on sweeping U piezo about zero. Here again, we found the zero-strain condition indistinguishable from U piezo =0 V. Thus, our experiments at low pulse energy indeed probe the superconducting properties of Sr 2 RuO 4 at zero strain. on lowering the strain, as T c and B c2 both decrease. Since the spectra are generated by the standard echo sequence for these data, the pulse energies are large -about E ≈ 10 µJ, which is comparable to the top trace in Fig. 3 of the main text. Thus, the results at low and zero strain correspond to the normal-state shifts, which is very obvious in the 20 mK results at 1.1573 T (orange) that deviate from the 4.3 K data only for ε aa > ε v /2. While the reduction of K is generally more pronounced for 0.7107 T, also these data approach the normal-state values towards ε aa → 0. Evidently, the impact of the pulse energy decreases when the sample is strained because T c increases and the heating effect is not sufficiently strong to drive the crystal to the normal state. The results appear to vary continuously with applied field and strain, hence they provide no indication for a first-order phase transition between different superconducting order parameter symmetries. Open symbols correspond to an equilibrium temperature of 20 mK, hence within the superconducting state for sufficiently high T c realized by large strain and small magnetic field. Blue and orange symbols correspond to field strengths 0.7107 T and 1.1573 T, respectively. The results from B 0 = 1.9980 T are shown in green (ε aa = ε v ; cf. Fig. 2 ).
